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We have found theoretically that the elementary process, p + p ^ K^ + A(1405) + p, which occurs in a short 
impact parameter (~ 0.2 fm) and with a large momentum transfer {Q ~ 1.6 GeV/c), leads to unusually large 
self-trapping of A(1405)(= A*) by the projectile proton, when a A* — p system exists as a dense bound state (size 
~ 1.0 fm) propagating to K~pp. The seed, called "A*p doorway", is expected to play an important role in the 
{p,K^''^) type reactions and heavy-ion collisions to produce various K nuclear clusters. 



1. Introduction 

Recently, exotic nuclear systems involving a K 
[K^ and K^) as a constituent have been pre- 
dicted based on phenomenologically constructed 
KN interactions |1I2I3I4I5I6| . The predicted 
bound states in K~ppn, K~ppnn and K~^Be 
with large binding energies lie below the Stt emis- 
sion threshold, and thus are expected to have nar- 
row decay widths. Because of the strong KN at- 
traction they have enormously high nucleon den- 
sities, Pave ~ 0.5 fm~^, about 3 times the nor- 
mal nuclear density po ~ 0.17 fm^'^. Such com- 
pact nuclear systems, which can be called "K nu- 
clear clusters" {KNCTj, are K bound states in non- 
existing nuclei. The basic ingredient for this new 
family of nuclear states is / = K~p, which is 
identified as the known A(1405) (hereafter, ex- 
pressed as A*) with a binding energy of Bk = 27 
MeV and a width of E = 40 MeV. The li_ghtest 
system is K~pp (and its isospin partner K'^pn), 
which was predicted to have Bk = 48 MeV and E 
= 61 MeV Pj. This species, which can be called 
nuclear kaonic hydrogen molecule, results from a 
fusion of A* and p, namely. A* as a bound state 



of K p dissolves into a K bound state, K pp, 

A*p -^ K-pp. (1) 

The predicted rms distance of the A* — p system 
is 



R{A*p) = 1.05 fm. 



(2) 



The structure of K^p and K^pp with calculated 
rms distances of K^-p and p-p and rms radius of 
the K~ distribution is shown in Eig. ^ 
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Eigure 1. Predicted structure of iC p a.T\<l K pp. 



Whereas some evidences for kaonic nuclear 
clusters for T = 1 K^pnn {Bk = 194 MeV) [H 
and K~pp [Bk — 115 MeV) [5] were reported, 
it is important to produce various K clusters by 
different nuclear reactions and thereby to exam- 
ine their strucure and properties. A method to 



determine the sizes of the K clusters via the mo- 
mentum correlation of decay particles has been 
proposed |H]- 

The conventional methods to produce kaonic 
bound states are to use strangeness-transfer re- 
actions of {K-,n-), {tt+,K+), {K-,N) and 
(7,/^"*"). The formation of K clusters can be 
treated by a A* doorway model 0, in which a 
A*(= A1405) produced in elementary processes, 
typically, 



K- 



- n 
n - 



>A* 
A* 






(3) 
(4) 



merges with a surrounding nucleon (or nucleus) 
to become a K state. The spectral shapes for the 
(i(7r+, K^)K^pp and ^He(7r+, K^)K^ppp, calcu- 
lated by this A* doorway treatment as given in 
Ref. |S], are characterized by a large quasi- free 
component and a small bound-state peak. Typi- 
cally, the bound-state formation fraction is of the 
order of 1 %. 

In the present paper we study the possibility to 
make use of the elementary process, 



p + N^p + A*+K, 



(5) 



in connection with an experiment proposal at 
GSI using the FOPI detector ^. Since the 
momentum transfer in this associated produc- 
tion of A* is very large {Q r^ 1.6 GeV/c), one 
would expect that the formation cross section 
of K clusters must be very small. This process 
resembles the hypernuclear production process, 
"^[.Z](p, if+)^~''"'^[Z], on a nuclear target, the cross 
section of which was evaluated by Shinmura et 
al. PJ to be 10~^ of the elementary A produc- 
tion cross section, and this can be enhanced up to 
10~^ when a short-range correlation is taken into 
account. On the other hand, with a naive coales- 
cence mechanism one obtains a sticking probabil- 
ity of the order of 0.1-1.0 % because the internal 
momentum of the K clusters is very large |12) . 
Still, most of primarily produced A* are expected 
to escape, and the quasi-free process dominates. 
We have studied this proton-induced associated 
production process more realistically, and found 
a surprisingly large production cross section by a 
unique mechanism, as described below. 



2. Ordinary K transfer reactions 

We first treat conventional K transfer reac- 
tions, typically, d{n~^ ,K'^)K~pp, based on the A* 
doorway model [21 • Hereafter, we use revised the- 
oretical values for the binding energy and width 
for K-pp {Bk = 86 MeV and T = 58 MeV). In 
the elementary process, Eq.(@J), the produced A* 
interacts with a proton in the target d, proceed- 
ing to K~pp, as shown in Fig. [3 (Upper-Left). 
The momentum transfer at a typical incident mo- 
mentum of p^ ~ 1.5 GeV/c is Q - 600 MeV/c. 
The energy spectrum involving both the bound 
and unbound regions was calculated following the 
Morimatsu-Yazaki procedure [Ig| . It is given by 
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r'K)I{r'K)l (7) 



where E is the energy transfer to the A*-p rela- 
tive motion in doorway states, and E the energy 
transfer to the K~-pp relative (internal) motion 
in the K^pp system, and a{kx+) is a kinematical 
factor. The function f{r) is 

/(f) = 2V2'3«^^C(r)$;p(2r)*rf(2r)/|$A.(0)|, (8) 

with q = k^+ - kK+, /3 = Mp/{M{^. + Mp) and 
C{r) = 1 — exp[— (r/1.2 fm)^]. In this deriva- 
tion we have used a zero-range approximation 
for Vk^ and closure approximation to doorway 
states. 

The calculated spectral function is shown in 
Fig. 12] (Lower-Left). The dominant part is the 
quasi- free component, in which the produced A* 
escapes, and only a small fraction constitutes a 
bound-state peak. The figure shows that the 
bound-state peak intensity, though small, de- 
pends on the size of the K*p system. 
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Figure 2. (Upper) Diagram for (i(7r+, iir+)iir -p-p &?AA-p(ji^K^)K pp. (Lower) Calculated spectral shapes 
of the d{'K^,K^)K~pp and the p{p, K^)K~pp reactions. 



3. A*p doorway process in NN collisions 

Now we consider the following process with a 
projectile proton and a target proton, 



p + p 



K+ 
K+ 
K+ 



A*+p, 

A*p, 

K^pp. 



(9) 



where K pp denotes a K cluster with structure 
oi K~ {pp)i=iS=Q and decays subsequently as 



K pp - 


-^ A + p — 


P+ TT +p, 


(10) 


K^pp - 


-. YP+p- 


->p + n^ +J + P, 


(11) 


K~pp - 


^ T.+ + n 


-^ n + n^ + n. 


(12) 



Its diagram is shown in Fig. [21 (Upper-Right). 
When the incident proton interacts with a neu- 
tron in a deuteron target, an analogous process 
takes place, namely, p + n ^' K^ +A* +n with an 
iso-doublct partner A*n {=K^(pn)j^i_s=o) to be 



formed as well as p + n -^ K'^ + A* +p. Hereafter, 
we take the p + p case without loss of generality. 
The p —^ p + K^ + K^ process, where a 
K^K^ pair is assumed to be created at zero 
range from a proton, is of highly off-energy shell 
(Ai? ~ 2raK)- This process is realized with a 
large momentum transfer to the second proton, 
which occurs efficiently by a short-range pp inter- 
action, expressed by a Yukawa type interaction 
exp(— ?7iB/r)/r with niB being the intermediate 
boson mass (ttib). Then, the effective interaction 
for the elementary process is written as 

{t'k+ (K- pp'),^(^K-p)p' tT'k- p\t\rpp>) 



= To c\rF{r)5{rK+{K-pp') ^ V^) 

X S{fi^K-p}p' - r)6{fK-p)S{rpp' - r)), (13) 



where 

F(f) = -exp(-^) 



(14) 
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Figure 3. Spectral shapes with different size pa- 
rameters. 



with l3 — h/{mBc) and rj = Mp/M^-pp- The 
A* is treated as a quasi-bound state of K~p, and 
the interaction matrix element for A* formation 
is given by 

{kK+(A'p'), r = rA>' , '/'A' \t\kpp, ) 

= To (l)A' (0) F{r){kK+ (A-p')\vr) {f\kpp,) 

= C/o/(r), (15) 

where 
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The production cross section of A*p (= K pp) is 
given by 
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where 



E^E„-Ek+~ AfA-c^ - .B^^™'! 
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2pLA' 
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with Vb = -295 MeV, Wq = -42 MeV, and h = 
1.0 fm. Then, the spectral function of A*p {— 
K^pp) is 

S{E) = -ilm[ f f dr'dff*{r') 
1 



k1/(^1] 



E - Ha'p 

^-^f(2/ + l)lm[--l^ 
^ /=o W^("/ "i ) 

X / dr' / drexp(--)j,(Qr') 
JO Jo P 

x«[°)(r<)z.|+)(r>)jKQOexp(-^)], (21) 

where ul and uj are the stationary and out- 
going solutions of the Schrodinger equation, and 
W is the Wronskian of them. 

Essentially, the spectral function is approxi- 
mately composed of the following three factors: 



T{r) oc 

r 

where 

G{r) ^ [ - Ini{ 



X e^'^'' X G(r), 



uW(r)M(+)(r) .1/2 



(22) 



(23) 



They are: i) the collision range l/niB, ii) the mo- 
mentum transfer Q and iii) the structure function 
G{r) depending on the rms distance R{A*p) of 
the A* — p system. The calculated wavefunction 
of K^pp yields R{h*p) — 1.05 fm. The momen- 
tum transfer in the reaction is Q — 1.6 GeV/c. 
The boson mass in producing A* in pp collision is 
taken to be the p meson mass; ms = Wp = 770 
MeV/c2. 

The calculated spectral functions (forward 
cross sections) at Tp = 4 GeV are presented in 
the scale of E{A*p) = 27 MeV - Bk in Fig. |21 



(Lower- Right) . The cross section integrated over 
the quasi-free region {E{A*p) > 0) corresponds to 
the free emission of A* , which is known to have an 
empirical cross section of cr(j}p — > K^ + A* +p) = 
20 ^b from a DISTO experiment at Tp ^ 2.85 
GeV 2^. So, we have adjusted our absolute cross 
sections so as to give this empirical cross section. 

Surprisingly, in great contrast to the ordinary 
cases, the spectral function is peaked at the 
bound state with a very small quasi-free compo- 
nent. This dominance of A*p sticking in such a 
large-Q reaction can be understood as originating 
from the matching of the small impact parame- 
ter with the small size of the bound state. For 
further understanding of the mechanism we ex- 
amined the dependence of the spectral function 
by changing the essential parameters fictitiously. 
Fig. 13 (Upper) shows that the bound-state peak 
decreases dramatically, when we increase the rms 
size R{A*p) from 1.05 fm (the predicted size of 
the dense ppK^) to 1.46 and 2.33 fm. It also 
shows that with a denser system {R{A*p) = 0.93 
and 0.80 fm) the peak height increases. So, the 
dominant sticking of A*p is the result of the dense 
K system to be formed. 

We also showed that with a fictitiously long- 
range NN collision (m^ = 10 MeV) the bound- 
state peak diminishes and the quasi-free compo- 
nent dominates. Under this condition the bound- 
state peak is enhanced only when the momentum 
transfer is small (so called recoilless condition). 
On the other hand, the dominant sticking of A*p 
is assisted by the large momentum transfer (Q '^ 
1.6 GeV/c). 

As a more analytical way to show the physics 
behind we plot the radial dependence of each fac- 
tor of the transition intensity in Fig. 0] The 
first row shows the p — p interaction range of the 
Yukawa type with different boson mass m^ . The 
second row shows the spherical Bessel function 
jo{Qr) corresponding to the momentum trans- 
fer of Q — 1.6 GeV/c. These two functions 
have values mostly for r < 0.3 fm. The third 
row shows the structure dependent function G(r)^ 
where the solid and broken curves represent the 
bound [Eb[A*p) = -62 MeV) and the quasi- free 
{Eqf{A*p) = 100 MeV) cases, respectively. Fi- 
nally, the bottom row shows the radial depen- 



dences of the spectral strengths at the bound- 
state (B) and the quasi-free (QF) regions. In the 
realistic case. Column (A), the structure function 
is dense below R{A*p) = 1.05 fm so that it over- 
laps with the short range interaction assisted by 
the large momentum transfer. The Bound/QF 
ratio is 4.6. If we artificially increase the A*p 
distance to 2.33 fm (a deuteron like distance), as 
shown in Column (B) the overlap drops down so 
that the ratio becomes 0.7. As far as the mo- 
mentum transfer is large, a softened interaction 
[mB = 140 MeV), Case (C), does not change the 
Bound/QF ratio from the realistic case (A). 

We have thus demonstrated that the dominant 
sticking of A*p occurs as a joint effect of the short- 
range collision, the large momentum transfer and 
the compact size of the K cluster. It is vitally 
important to examine our results experimentally. 
An experimental observation of K^pp in pp colli- 
sion will not only confirm the existence of K~pp, 
but also proves the compactness of the K cluster. 

4. Subsequent processes 

Once a A*p doorway is formed, the A* cannot 
escape any more as a free particle and thus it is 
likely to further propagate in a complex nucleus 
as 



A*p + "p" 

A*p + "n" 



K ppp, 
• K^ppn, 



(24) 
(25) 



and ultimately a kaonic proton capture reaction 
may occur, such as 



d{p,K^)K ppn, 
d{p,K°)K-ppp, 
^He(p, K^)K^pppn, 
^He(p, K°)K-pppp. 



(26) 

(27) 
(28) 
(29) 



In principle, missing mass spectra, MM{K^) and 
MM{K^), may reveal monoenergetic peaks. 

5. p + p ^ K^ + p + A reaction 

The elementary reaction of type 

p + p-,K+ + Y^ +p (30) 

was studied experimentally by the DISTO group 
at SATURNE [HI and more recently by the 
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ANKE group at COSY ^. The DISTO exper- 
iment identified A from the invariant-mass spec- 
trum of p + TT^ and constructed a missing mass 
spectrum of K^p from those events involving A 
at an incident proton energy of Tp = 2.85 GeV. 
The missing mass in this case is equal to the mass 

ofy", 



MM{K+p) = M{Y° 



(31) 



and they found peaks associated with the pro- 
duction of A(1115), i;0(1193) and i;°(1385) + 
A(1405). They obtained a cross section of 20 /ib 
for A(1405), which we used as an absolute scale 
in our calculations. 

The ANKE experiment measured the energies 
and momenta of four emitted particles, K~^, p, 
X+'~ and 7r^'+, with complete kinematical con- 
straint at Tp = 2.83 GeV: 

p+p -^ A'++p+r" -^ K++p+X+'-+T:-^+.{i2) 

They constructed MM{K^p) and additionally 
MM{K+pt:~), which was equated to M(A). 
When MM{K+pTT-) = M{p), it indicates that 
this y° decays to p + 7r^, and thus, it is assigned 
to be A. Thus, the ANKE MM{K+p) spectrum 
is equivalent to the DISTO spectrum. 

So far, the reaction products were studied in 
terms of the elementary processes. Now, we pro- 
pose to examine the new situation related to 
the existence of K~pp. We point out that the 
formation/decay process of this object, as given 
in eq.® and (|10I11I12|I . are hidden in the ob- 
served spectra of M M [K^ p) . The most impor- 
tant information is contained in a spectrum of 
M M [K^) , which is related to the mass of K~pp, 



MM{K+) = M{K-pp), 



(33) 



but no such spectrum has been obtained. Pre- 
sumably, the limited detector acceptance may not 
allow to reach the mass range of the present con- 
cern {M{K~pp) ~ 2280 MeV/c^). Now, a new 
experiment of the FOPI group at GSI, which is 
aimed at measuring the whole products in the 
p-\-p reaction at Tp — 3.5 GeV to reconstruct both 
the invariant mass Mi„„(Ap) and MM{K^), is 
in progress. The FOPI group is also studying the 
p + d process, which may lead to the formation of 
K^ppn cluster. 



6. Concluding remarks 

In this note we have shown that the basic K 
cluster, K~pp, as a dissolved state oi A* + p 
can be formed with extraordinarily large enhance- 
ment, since the A* produced in a short-range col- 
lision with the participating proton automatically 
forms a A*p doorway toward a dense K~pp sys- 
tem. This anomalous dominance of K*p sticking 
results from the unusual matching of the short 
collision range {l/niB ^ 0.3 fm) and the small 
radius of the produced K^pp {R{A*p) ^ 1.0 fm), 
assisted by a large momentum transfer. Experi- 
mental confirmation of this effect will automati- 
cally proves the dense character of K clusters. 

Finally, we comment on our earlier proposal to 
make use of hot fireball in heavy-ion collisions as 
sources of various K clusters 5 . If the formation 
of A*p doorway toward K~pp is really enhanced 
in the NN collisions, the K cluster formation in 
heavy-ion reactions is expected to be enhanced 
as well, since a heavy-ion reaction involves lots of 
primary NN collisions and subsequent processes. 
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